This work presents a comparison of two different aptamers (COX and TRAN) for the detection of the ubiquitous protein lysozyme using aptamer-based biosensors. The detection is based on the specific recognition by the aptamer immobilized on screen printed carbon electrodes (SPCEs) via diazonium coupling reaction. The quantitative detection of lysozyme protein was achieved by electrochemical impedance spectroscopy (EIS). Very good linear ranges and detection limits for the lysozyme detection were obtained, from 0.025 to 1 µM and 725nM using aptamer COX and from 0.025 to 1 µM and 31.7nM using aptamer TRAN. The obtained results showed that the developed aptasensors exhibit good specificity, stability and reproducibility for lysozyme detection. The aptasensors were also tested in wine samples; very good recovery rates were obtained in the range from 96.4 to 102% for lysozyme detection. The recovery rates confirm the reliability and suitability of the developed method in wine matrix. The developed method could be a useful and promising platform for detection of lysozyme in different applications.
1.Introduction
Lysozyme (Lys) is a mucopolysaccharide alkaline enzyme very abundant and widely distributed in nature (1) . This enzyme has the ability to destroy bacterial cellular membranes by catalyzing the breakage of the β1-4 bond found in peptidoglycan residues of Gram-positive bacterium cell walls between N-acetylmuramic acid and Nacetylglucosamine (2,3). Lysozyme's relatively small size and simplicity makes it an excellent model analyte for novel methods in protein detection. In the field of winemaking, lysozyme from egg-white has been widely used to mitigate or prevent heterolactic fermentation (4) . The maximum amount of lysozyme allowed in winemaking by the International Organization of Wine (OIV) is 500 mg/L (~ 35µM) (5) . In addition, lysozyme is also used in the food industry including cheese (6) (7) (8) and in beer (9) production, as well as to prolong the shelf-life of shrimp, surimi products and sausages (10, 11) . Besides its useful properties, low concentrations of lysozyme from egg-white are also associated with allergic reactions in susceptible individuals (12) . Moreover, elevated human lysozyme level was reported in urine and serum in case of leukemia (13) and several kidney problems (14) . Based on the above observation, the effective detection of lysozymes is of vital importance in the clinical and food fields.
At present, the available analytical methods for the detection of lysozymes are either chromatographic or immunosensing techniques based on ELISA. These methods have high sensitivity, but also many drawbacks, such as high cost and experimental complexity. To overcome these limitations, biosensors have been emerged as attractive alternatives to these conventional methods (15, 16) . However the reported lysozyme biosensors involve complicated fabrication methodologies, and do not fulfill the requirement of a disposable and portable device to be used for onsite analysis.
Moreover, their applications are limited to only a certain number of real samples (17) .
Hence, there is a need to develop new, rapid, cheap and effective biosensors for the detection of lysozyme in different matrices such as wine. Among the different types of detection techniques, electrochemical biosensors are gaining special interest due to their remarkable sensitivity, experimental simplicity and low cost (18, 19) . In the last few years, among different electrochemical techniques reported, the use of Electrochemical Impedance Spectroscopy (EIS) (20) has been widely employed (21,22) as a powerful 3 analytical tool capable of detecting biological macromolecules at low concentration levels. EIS is based on applying an AC potential to an electrochemical cell and measuring the current that crosses through the cell. This methodology results in a very sensitive response to changes of the interfacial properties upon bio-recognition events taking place at the electrode surfaces (23, 24) . Moreover, it does not require any special reagent, making it as cost-efficient technique for analytical analysis (25) .
Nowadays, there is great interest in the development of aptasensors (26, 27) . 
Experimental

Chemicals and materials
Potassium dihydrogen phosphate, potassium ferricyanide( and were provided by Eurogentec, France.
All solutions were prepared using Milli Q water. PO 4 , pH 7.4) and 100 mM MES buffer 10 nM containing 0.09% NaCl.
Apparatus
The electrochemical measurements were performed using an Autolab PGSTAT100 potentiostat/galvanostat equipped with a frequency response analyzer system (Eco Chemie, Netherlands) controlled by two Autolab softwares; Frequency Response analyzer (4.9) for impedance and General purpose Electrochemical system (4.9) for voltammetry. Screen printed carbon electrodes (SPCEs) were fabricated using a DEK 248 screen-printing system. The SPCE consists of conventional three electrode configuration with graphite as working (4-mm diameter disk) and counter (16 
Experimental protocol
The scheme of experimental protocol for lysozyme detection, described in detail below, and represented as 
Covalent immobilization of Apt Lys onto the electrode surface
SPCE was subjected to electrochemical pretreatment by 10 cyclic potential scans between 1.0 and -1.5V at scan rate of 0.2V/s in 0.5M H 2 SO 4 and 0.1M KCl. The electrode surface was modified by diazotation reaction. In brief, the diazonium cation was synthesized by in situ reaction of 2µL of 1M NaNO 2 and 1mL of 2 mM ABA prepared in 0.5M HCl. The mixture was left to react for 5 min at room temperature.
100µL of the mixture and 100µL of 0.5M HCl were deposited onto the electrode surface and the electrochemical modification was performed by linear sweep voltammetry from 0.6 to -0.8V. After modification, the electrode was rinsed three times with distilled water. The carboxylic groups onto the electrode surface were activated with 100µL of 100mM EDC and 25mM NHS in 100mM MES buffer for 1 hour. After rinsing three times with distilled water, 30µL of an optimal concentration of AptLysCOX/TRAN were incubated onto the electrode surface for 1 hour. After that, the electrodes were washed three times with BB to remove the unbound aptamer. In order to deactivate the remaining succinimide groups, the electrodes were incubated with 30µL of 1M ethanolamine solution for 1h. After washing with BB, the electrodes were incubated with 30µL of 0.1% BSA solution for 1 hour in order to avoid nonspecific adsorption. The modified electrodes can be used directly for sensing or stored dry at 4ºC for several days without decrease in the sensitivity.
Detection of Lysozyme
For the detection of Lys, the aptamer modified electrodes were incubated for 1 h with the selected concentrations of Lys. Then, the aptasensors were rinsed with BB and electrochemical measurements were performed .
Wine samples preparation
Spiked wine samples were prepared by following a protocol from a previous study (33) .
Briefly, 200µM Lys was spiked in 1 mL of wine sample and allowed to stand for 3 min.
Further, 200μL of a 5M NaCl solution containing 5% Tween-20 surfactant were added to 200μL of lysozyme-wine mixture and diluted to a final volume of 1mL using 20mM 6 MES buffer pH 6 with 1mM MgCl 2 . This mixture was further centrifuged at 5000 rpm for 5min and diluted using the buffer afore said in order to obtain the desired concentration of Lys.
Impedimetric measurements
Impedance experiments were carried out at an applied potential of 0.1V ( Thus, the Δ ratio value was defined according to the following equations:
Where R ct (AptLysCOX/TRAN-Lys) was the electron transfer resistance value measured after incubation with the protein, R ct (AptLysCOX/TRAN) was the electron transfer resistance value measured after aptamer immobilization on the electrode and R ct (electrode-buffer) was the electron transfer resistance of the blank electrode and buffer.
Results and discussion
Immobilization of aptamer onto the electrode surface.
Aptamer immobilization is a very crucial step in biosensor construction. In this work, the aptamers were immobilized onto the electrode surface by covalent binding via diazonium salt. In this method, the electrochemical reduction of a diazonium salt creates an aryl centered radical after the spontaneous elimination of dinitrogen. The resulting aryl radical can then form a robust covalent bond with the conducting electrode surface.
This technique presents some advantages such as higher stability of the electrode surface, ease of preparation, and the ability to synthesize diazonium salts with a wide range of functional groups, in this case with carboxylic groups (35) . For that, SPCEs were modified by electrochemical reduction of the in situ generated 4-carboxyphenyl diazonium salts by linear sweep voltammetry as illustrated in Fig. 2 . After the activation by EDC and NHS mixture, both types of aptamers were linked to the activated carboxylic group via amide bond formation. 
<Figure 2>
Electrochemical characterization of the aptasensors
Cyclic voltammetry characterizations
In CV, the change in peak current and peak to peak separation in voltammograms at different modification steps can be related to the electron transfer resistance. As shown 8 in Figure 3a and 3b, at the bare SPE electrodes, a pair of well-defined reversible redox peaks with high peak currents was observed. After the modification with diazonium salt, the peak current of [Fe(CN) 6 ] 4−/3− redox couple clearly decreased due to the inhibition of the electron transfer resistance between the electrochemical probe and the electrode surface. When the electrode was modified with EDC/, the peak current increased and the peak to peak potential separation decreased due to the neutrally charged NHS ester.
After immobilization of aptamer probe on the electrode surface, the peak current clearly decreased and the peak to peak potential separation increased, accounting for increased resistance to the charge transfer across aptamer probe attached on the electrode and reducing the effective surface area and available active sites for the electron transfer process. Then, after modifying the electrode surface with ethanolamine, the unreacted carboxyl groups were blocked and the peak current decreased while the peak to peak potential separation increased. When the electrodes were incubated with BSA, the peak current further decreased and the peak to peak potential separation increased due to the big sterical hindrance of BSA. Finally, when the aptasensor was incubated with Lys, it could be found that the voltammetric peak response further decreased and peak potential separations increased due to sterical hindrance of the protein.
<Figure 3>
Impedance characterizations
The aptasensor preparation process was also characterised by EIS, in this case, the diameter of the semicircle of the Nyquist plots indicate the magnitude of the electron transfer resistance, R ct . As can be seen in Figure 4a and 4b, prior to the diazoninum cation, the R ct of the non-modified electrodes were small due to low resistance of bare electrodes for redox probe. After the electrodes were modified with diazonium salt, the R ct were increased due to the formation of an organic layer on the electrodes surfaces.
The layers with terminal negatively charged on the electrode surface acted as electrostatic barrier and reduced the ability of the redox probe to access the layer. When the modified electrodes were activated by EDC/NHS, decrease of R ct was observed.
This could be due to the fact that the carboxyl groups on the electrode surfaces were replaced by NHS ester, thus the neutrally charged NHS ester promoted the transfer of the negative probe onto the electrode surface. Subsequently, when AptLysCOX or 9 AptLysTRAN were immobilized, the R ct increased due to the blocking and repulsive property of negatively charged aptamers for the redox probe with negatively charged [Fe(CN) 6 ] 4−/3− . After incubating with ethanolamine, the R ct decreased due to the blocking of the unreacted carboxyl group. Then, when the electrodes were modified with BSA, the R ct were further increased due to hindrance of BSA. After incubating aptasensors with Lys, the R ct were increased, although the iso electric point of the Lys is about 11. This fact could be explained that in these cases the sterical factor dominates over the electrostatic factor. In the case of the aptasensor with AptLysTRAN the value of R ct is greater than the obtained with AptLysCOX, thus AptLysTRAN could be more sensitive than AptLysCOX.
The results were consistent with the CV voltammograms in both cases. However, EIS results presented more apparent differences for different modification steps, indicating better sensitivity compared to CV results. <Figure 4>
Optimization of the concentrations of aptamers
The amount of aptamer immobilized onto the electrode surface is an important parameter to optimize prior to perform the detection of desired analyte. Higher Apt concentration could provide more active sites available for the recognition of Lys, but also influence the sensitivity. In order to obtain the optimal concentrations of AptLysCOX and AptLysTRAN to be used in the biosensing protocol, response was evaluated with increasing concentrations of each aptamer. The optimal concentration was evaluated by the changes in the ∆ ratio . Fig. 5a 
Analytical performance of the aptasensors
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Analytical performance of the two aptasensors for lysozyme detection was compared in terms of LOD, linear range and recovery values. In order to obtain the sensitivity of the aptasensors, calibration curves were constructed by using different concentrations of Lys. As can be seen from Fig. 6 , the response increased up to the Lys concentration of 1 µM for both the aptasensors. This could be due to the fact that concentrations higher than these values cause saturation on the sensor surface. As can be observed in Table 1, aptasensor with AptLysTRAN showed a higher sensitivity than the aptasensor with AptLysCOX, 0.210 µM , respectively. In addition, the lowest LOD corresponds to aptasensor with AptLysTRANS which is 31.7nM, whilst the other aptasensor showed a LOD value of 725 nM. However, the best reproducibility value, 2.92%, corresponded to the aptasensor using AptLysCOX. As the results showed, both aptasensors were capable of detecting Lys with high sensitivity and reproducibility. <Figure 6> <Table 1>
Selectivity of the aptasensors
The selectivity of the aptasensors for some proteins such as BSA, casein and cytochrome c was assessed. As can be seen in Fig. 6 , the presence of these proteins caused negligible response in both aptasensors compared with the same concentration of Lys. However, the aptasensor modified with AptLysTRAN showed more selectivity than the aptasensor with AptLysCOX. These results are strong proof of the highly selective detection of Lys. No cross reactions were observed from similar interfering proteins, even in the case of cytochrome c, which is structurally similar to Lys.
<Figure 7>
Application to spiked wine samples
In order to check the feasibility of the aptasensors to detect lysozyme in wine samples, wine aliquots were spiked with Lys at different concentrations range from 0.5 to 1.5µM, 11 and these samples were tested using both developed aptasensors. The obtained recovery rates are illustrated in Table 2 . The developed methods exhibit good recoveries ranging from 96.4% to 102%, indicating the suitability of the developed aptasensor for Lys detection in wine samples. <Table 2>
Conclusion
In the present work, two different aptasensors were designed and compared to detect lysozyme. Both aptasensors showed high sensitivity, reproducibility, fast response, selectivity and low detection limits. However, aptasensor using AptLysTRAN showed better sensitivity and LOD values as compared to AptLysCOX. The calculated LOD is many folds lower than the maximum amount allowed to be added in wine as prescribed by the International Organization of Wine and Vine (OIV). In addition, the aptasensors were used for detection of lysozyme in spiked wine samples and very promising recovery values were obtained in the range 96.4 to 102%. According to the results presented here, impedimetric sensors based on screen-printed carbon electrodes could provide a promising platform for fabrication of aptamer-based disposable biosensors for wine analysis and potentially for other practical applications. 
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